Introduction {#s0001}
============

Hanging is one of the most common methods of suicide worldwide with an estimated fatality rate of over 70% \[[@cit0001]\]. The cause of death in hanging is mainly due to asphyxia secondary to compression of the neck structures. Hanging has been defined as a form of strangulation in which the pressure on the neck is applied by a constricting band tightened by the gravitational weight of the body or of body part \[[@cit0002]\]. Hanging is classified as complete or incomplete as the suspension can be often not high enough to keep the victim\'s feet or legs clear of the floor.

The most common place chosen by the suicidal victim is home, followed by isolated outdoor places where bodies may remain undiscovered for long time \[[@cit0001]\] allowing the development of advanced decomposition patterns. Despite the high incidence of suicide by hanging, only a little knowledge on the patterns of human cadaver colonization by insects on suspended corpses is available \[[@cit0003],[@cit0004]\].

Based on the comparison of the decomposition patterns in hanging pigs and pig carcasses on the ground, it has been demonstrated that the suspended position can affect the rate of biomass removal and of decomposition as well as the overall insect activity \[[@cit0003],[@cit0004]\]. In this regard, a new scoring scale for hanging pigs has been proposed \[[@cit0003]\] in order to include mummification in the evaluation of decomposition, a morphological feature not fully considered in the Total Body Score (TBS) by Megyesi et al. \[[@cit0005]\] on humans. Mummification and the suspended position of the carcass/body were considered the two main factors affecting both the delay in decomposition of hanging bodies secondary to the lower variety and the amount of insects compared with carcasses on the ground \[[@cit0003]\]. Several flaws with Megyesi et al. \[[@cit0005]\] have been recently emphasized mainly concerned with the statistical analysis and the temperature scale adopted in the original publication \[[@cit0006]\]. In this regard, a more appropriate regression model to predict accumulated degree days (ADD) from TBS have been proposed for casework and experimental studies \[[@cit0006]\].

In order to show the differences related to the necrophagous insect community and human decay pattern, two case studies are described. The two cases share the same manner of death (suicide by hanging) and the same postmortem interval (PMI) of 34 days. Despite these similarities, the bodies showed two completely different patterns of decomposition and insect colonization according to different temperatures of exposure (daily average temperature ranging between 21.5 °C and 25.1 °C).

A point-based system for the main three anatomical regions (head and neck, torso, limbs) was applied for scoring decomposition according to previous studies for bodies in contact with the ground and for bodies totally suspended \[[@cit0004],[@cit0005]\]. The TBS scale proposed by Megyesi et al. \[[@cit0005]\] for bodies in contact with the ground has been used in comparison with the new one proposed specifically for hanging bodies (TBS~hang~) by Lynch-Aird et al. \[[@cit0003]\]. Case 1

The body of a 24-years-old male was found in a woodland, in North Western Italy, in the middle of July, 34 days after his disappearance. The body was totally suspended from a branch of a big tree by a leather belt ([Figure 1](#f0001){ref-type="fig"}(A)). The feet were at about 1 m above the ground. At the drip zone, the ground directly beneath the hanging body, Diptera maggots falling from the corpse were found along with few Diptera pupae and puparia. At the external examination the body was preserved, except for the structures of the face, strongly affected by the feeding activity of the early larval stages. The mummification process took place in the remaining bare regions of the upper body part (scalp, thorax, upper arms). The mummification was clearly displayed by the desiccation and brittleness of the skin, which was stretched tightly across anatomic prominences ([Figure 2](#f0002){ref-type="fig"}(A)). Brown to black discolouration of flesh at the neck, with the skin having a leathery appearance and adherent to bones was found. Discolouration changing from green to black was observed at the bare trunk, post-bloating following the release of the abdominal gases. Marbling at the lower arms and lower limbs, hanging in usual position, with skin slippage on hands resulting in "glove formation" were also visible along with some epidermal maceration of the feet. Based on the above features, a TBS of 14 and a TBS~hang~ of 18 were assigned. Figure 1.The remains of the two hanging bodies at the death scene: the body totally suspended in case 1 (A), the remains laying on the ground in case 2 (B).Figure 2.The decomposition pattern of the two hanging bodies: the mummified soft tissues of the upper part in case 1 (A), pre-skeletonization of the thorax and the neck in case 2 (B).

No lesions by blunt trauma or fractures of long bones were found at the X-ray examination. Hyoid bone was also intact, but thyroid and cricoid cartilages were fractured due to suspension. Vital signs of haemorrhages were observed on mummified skeletal muscles close to the bone fractures. Therefore, the cause of death was finally determined as suicidal hanging.

An overall mean temperature of (21.5 ± 2.5) °C was recorded by the weather station of Villenueve Saint Nicolas, 1.6 km far from the death scene, for the 34 days before the discovery of the body corresponding to 731 ADD. Temperature records are summarized in [Figure 3](#f0003){ref-type="fig"}. Temperature ranged from a maximum of 34.9 °C to a minimum of 9.9 °C. Figure 3.Temperatures recorded by the weather station (1.6 km far from the death scene) for the 34 days before the discovery of the body (*T*~max~: 34.9 °C; *T*~min~: 9.9 °C) in Case 1.

Insect activity was visible only on the face where few Diptera larvae (1.5--1.8 mm in length) were recovered. A large amount of adults and active larvae of Coleoptera were also detected from the scalp. Beetles adults and larvae represented the predominant part of the insect community. Just few Diptera pupae and puparia were recovered in the drip zone below. The insect community recovered on the body and at the drip zone was identified according to species-specific morphological identification keys as summarized in [Table 1](#t0001){ref-type="table"}. The specimens of Diptera useful for the estimation of the minimum postmortem interval (PMI~min~) were empty puparia of *Phormia regina* (*Meigen*) and *Lucilia sericata* (*Meigen*) (Diptera: Calliphoridae). Based on relevant developmental data published for these species \[[@cit0007],[@cit0008]\], *L. sericata* needs from a minimum of 14.1 days (at 22 °C) to a maximum of 18.7 days (at 20 °C) to complete the development (eggs-adults) and *P. regina* from a minimum of 15.2 days (at 22 °C) to 18.8 days (at 23 °C) to reach the adult stage \[[@cit0009]\]. Although it is widely accepted that there may be significant differences between temperatures experienced at the death scene and those collected retrospectively from weather stations \[[@cit0010],[@cit0011]\], unfortunately no data loggers were placed on site and, therefore, no regression relationship was derived between ambient temperatures at site and weather station to make a retrospective correction. Based on fly species, and a mean temperature of 21.5 °C, a PMI~min~ of 14--18 days was estimated. But the development times of fly species could be much longer than that as caution should be exercised when applying development data from studies performed at consistent temperatures to outdoor scenes where the temperature has fluctuated \[[@cit0011]\]. In fact, in this case, active larval stage of *Dermestes frischii* (*Krugelann*) indicated a longer PMI~min~ of no less than 30 days. Based on developmental data \[[@cit0012]\], *D. frischii* needs at least 29.7 days to get pre-pupa larval stage at 23 °C as a complete life cycle of this Coleoptera has been observed in 111--115 days at 20 °C \[[@cit0013]\]. Case 2Table 1.Insects collected on bodies at the death scene and during the autopsy.TaxonCase 1Case 2*Lucilia sericata* (Meigen, 1826) (Diptera: Calliphoridae)Larvae 3rd instar, puparia, adults--*Phormia regina* (Meigen, 1826) (Diptera: Calliphoridae)Larvae 3rd instar, puparia--*Chrysomya albiceps* (Weidemann, 1819) (Diptera: Calliphoridae)--Pupae, puparia*Nasonia vitripennis* (Walker,1836) (Hymenoptera: Pteromalidae)--Adults*Hermetia illucens* (Linnaeus, 1758)(Diptera: Stratiomyidae)--Pupae*Creophilus maxillosus* (Linnaeus, 1758)(Coleoptera: Staphylinidae)Adults--*Dermestes frishii* (Kugelann, 1792)(Coleoptera: Dermestidae)Pre-pupa, exuviae, adults, larvae--[^1]

The body of a 15-years-old male was found in a forest, in the Centre of Italy, in a suburban area of Florence (Tuscany) at the beginning of October. The man was last seen alive at the end of August, 34 days before his body discovery. The body, fully clothed, was found lying on his left side in a wooded shady area ([Figure 1](#f0001){ref-type="fig"}(B)). A noose with short, curling black hairs still attached, suggesting the body may have fallen to the ground during decomposition, was present on the tree above the body. Clothes were covered by pupae and empty puparia of Diptera. The head was disarticulated and partially skeletonized and was found approximately 2 m far from the body. The part of the head lying on the floor was completely skeletonized, while the other side showed some dried soft tissues still attached. The body was almost completely skeletonized ([Figure 2](#f0002){ref-type="fig"}(B)): dried soft tissues were also present at the extremities of arms and legs. Radiographs disclosed the fracture of the right greater horn of the hyoid bone and no other bone fractures or evidence of blunt trauma or signs of gunshot injuries or knife wounds. A TBS of 31 and a TBS~hang~ of 32 were assigned. In the absence of evidence of trauma and other pathological findings, the cause of death was finally determined as suicidal hanging according to the scene findings and the hyoid bone fracture.

An overall mean temperature of (25.1 ± 2.7) °C (max. 30.0 °C, min. 12.0 °C) was recorded by the weather station of the Airport of Florence, 5.1 km far from the death scene, during the 34 days before the discovery of the body corresponding to 853 ADD. Temperature records are summarized in [Figure 4](#f0004){ref-type="fig"}. The skeletonized chest was largely colonized by Diptera larvae 1.8 mm in length. The insect community recovered at the drip zone and on the body was identified as specimens at different developmental stages belonging to Diptera and Hymenoptera as summarized in [Table 1](#t0001){ref-type="table"}. Empty puparia of *Chrysomya albiceps* (*Weidemann*) were considered for the PMI~min~ estimation. Several puparia of *C. albiceps* showed the characteristic circular emergence holes typical of a *Nasonia vitripennis* (*Walker*) parasitization. Unfortunately, also in this case, no ambient temperature correction was possible as no data loggers were placed on site. Based on the published developmental data, larvae of *C. albiceps* need at 25 °C at least 8.1 days to reach the pupal stage and additional 13 days for the eclosion \[[@cit0014]\]. *Nasoniavitripennis* emergence holes are evidence of an additional time interval needed for the parasitic wasp to complete the development ranging from a minimum of 14.8 days (at 25 °C) to 22.5 days (at 20 °C) \[[@cit0015]\]. Based on the above data, a PMI~min~ of 15--22 days was estimated but the development times of fly species could be much longer than that according to the inappropriate utilization of fluctuating temperatures from weather station, without any retrospective correction, to studies providing development data at constant temperatures. In fact, pupae of *Hermetia illucens* (*Linnaes*) indicated a longer PMI~min~ of about 30 days. Based on developmental data, *H. illucens* larvae need at least 31 days at 27.8 °C to complete the development \[[@cit0016]\]. Figure 4.Temperatures recorded by the weather station (5.1 km far from the death scene) for the 34 days before the discovery of the body (*T*~max~: 30.0 °C; *T*~min~: 12.0 °C) in Case 2.

Discussion {#s0002}
==========

Decomposition is a sequential process influenced by a complex interaction of biotic factors (i.e. bacteria and insects) and abiotic factors (i.e. weather conditions) among which temperature and insect activity are the most influential \[[@cit0019]\]. Recently published studies have defined the ecological mechanisms of decomposition emphasizing the strong interactions between the microbial community, the products of decay and the necrophagous insects \[[@cit0020]\]. The postmortem changes can be still divided into two main groups: destructive (i.e. putrefaction) and conservative phenomena, depending mainly on the environmental conditions (i.e. maceration in immersed bodies, mummification in hot dry environment) \[[@cit0023]\]. Therefore, immediate postmortem changes are for the most part the result of a competition between putrefaction and desiccation \[[@cit0024]\]. In this regard, the two case studies are representative of such postmortem destructive or conservative processes.

The different decay patterns are clearly indicated in the two hanging case studies by the different assigned TBSs: the first body showed irregular decomposition with mummification of the upper anatomical bare parts and early postmortem changes of the lower torso and limbs while the second case, fully clothed, was pre-skeletonized with disarticulation of the skull ([Figure 2](#f0002){ref-type="fig"}). Based on the above features, TBSs of 14 and 31 were assigned, respectively, corresponding to a TBS~hang~ of 18 and 32, although the similarities shared by the bodies concerning the same manner of death (suicidal hanging) and the same PMI (34 days). One of the predominant reasons explaining the different decomposition patterns and insect community associated with human remains is represented by the different weather conditions of exposition with a daily average temperature of 21.5 °C and 25.1 °C, respectively equating 731 and 853 ADD. Since ADD incorporate time and heat in a single value, they are the preferred variables rather than actual days for calculations quantifying the PMI especially for research purposes, not only in forensic entomology but also in forensic anthropology \[[@cit0025]\]. ADD should be used with caution as temperature data are not always created equal, reflecting exactly temperature conditions at the discovery site \[[@cit0011]\]. In both case studies, unfortunately no ambient temperature corrections were possible as no data loggers were placed on site.

However, in the present case studies, it is worth of mentioning that a gap of few grades centigrade caused big differences in ADD values affecting deeply the decomposition pattern and insect colonization. The accelerated decomposition pattern observed in the second case was certainly promoted by the daily average temperature (25.1 °C) being higher than the first case (21.5 °C), especially in the first couple of weeks. The high temperatures recorded in the second case (equating 853 ADD) probably accelerated the development rate of insect and, therefore, the decomposition rate of the cadaver. In fact, according to Simmons et al. \[[@cit0026]\], the insect presence can be considered the primary agent affecting the pattern of decomposition on surface remains. However, it also true that the reverse relationship between putrefaction and desiccation can affect insect colonization and succession as observed in the two case studies presented.

Previous studies on arthropod succession on animal and human remains have demonstrated a strong relationship between different insect communities and specific decomposition patterns \[[@cit0027]\]. Arthropods are able to detect volatile organic compounds (VOCs) produced by the breakdown of soft tissues during the decomposition and use them to locate the more suitable food resource for their offspring \[[@cit0030],[@cit0031]\]. VOCs profiles differ over the course of human decay affecting the successional pattern of insect related to the human remains. Therefore, it can be assumed that insect colonization was similar in the case studies and started in their natural openings (i.e. mouth, nose, eyes) or in close proximity of the hanging mark. Later, the decomposition process changed in the first case toward the mummification and in the second case toward putrefaction affecting insect colonization and decomposition pattern.

Temperature and type of environment (woodland in the first case, a forest in the second one) as well as access of insects are well known as the most important variables influencing putrefaction or preservation of soft tissues such as mummification \[[@cit0019],[@cit0032]\]. But temperatures alone cannot explain the significant differences between the two bodies. Additional reasons have to be considered, among which mainly the body position at the death scene ([Figure 1](#f0001){ref-type="fig"}). In the first case, the suspension was complete while in the second case, the human remains probably fell down during decomposition, once the neck was completely skeletonized by insect activity. Therefore, the contact with the ground as well as the hanging position of the body can be crucial for the decomposition pattern and insect colonization as already emphasized in previous studies \[[@cit0003],[@cit0004]\].

Goff and Lord \[[@cit0033]\] already found that hanging could alter the insect colonization pattern excluding soil-dwelling taxa, thus changing the drying pattern of the body. An experimental study on animal carcasses \[[@cit0004]\] revealed also a delayed progression through the physical stages of decomposition and a slower biomass removal rate in hanging pigs compared with pig carcasses in contact with the ground. The prolonged time for each stage of decomposition was mainly related to the inability of larvae that fell to the ground or the ground-dwelling insects to regain access to the carcass that prevented the formation of a well-established internal maggot mass \[[@cit0004]\]. In a larger experimental study based on 20 pig carcasses \[[@cit0003]\], the delay in the decomposition in hanging animals was confirmed and related to a lower variety and quantity of insects compared with pigs on the surface of the ground. However, in the first case in the present paper, the insect community on the decomposing body was mainly represented by adult and active larval stage of Dermestidae. In fact, larder beetles' activity is commonly associated with the advanced stage of decay contributing to the drying out of liquefied tissues.

Lynch-Aird et al. \[[@cit0003]\] demonstrated that the decomposition pattern of hanging bodies is markedly different due to the mummification process, a feature not fully considered in the Megyesi et al.\'s scale \[[@cit0005]\]. Mummification is a process of preservation quite common, especially in forensic cases of hanging like those described earlier. Mummified skeletal muscles have occurred in several high-profile cases providing useful details for the death investigation such as vital signs of haemorrhages \[[@cit0034]\] like those observed at the neck of the first body. In hot, dry climates, the entire body or discrete portions can dehydrate rapidly and may go into mummification rather than decomposition \[[@cit0035]\]. This process includes mainly the drying of the soft tissues instead of liquefying putrefaction.

In the first case, the mummification process has contributed significantly to change the value of TBS from 14 to a TBS~hang~ of 18 according to Lynch-Aird et al. \[[@cit0003]\]. Unfortunately, using the old and new regression equations proposed to predict ADD \[[@cit0005],[@cit0006]\], the prediction intervals for ADD from both TBS and TBS~hang~ values do not fit the daily average temperatures collected by the nearest weather stations in both cases. Several factors can explain the distance in predicting ADD from quantitative scales among which worth of mentioning are the subjectivity of examiners when using scoring systems and the lack of accuracy of retrospective temperatures recorded by weather stations with real temperatures of exposition on-site \[[@cit0010],[@cit0036]\]. It is well known that blind utilization of temperature data from weather stations can be inaccurate as there may be significant differences between temperatures recorded at the death scene and those collected retrospectively from stations \[[@cit0011]\]. Such differences and the missing retrospective corrections may explain in the present case studies the inaccuracy of the assigned TBS values in predicting ADD. However, currently it is controversial the benefit of using retrospective corrections for short and long-term correlations between site-specific and weather station temperature data \[[@cit0025],[@cit0037]\]. It has been also observed that scoring scales and regression equations derived for predicting ADD seem to be of little help in forensic practice \[[@cit0038],[@cit0039]\] because of the so many factors affecting human decay and insect colonization among which irregular decomposition and mummification need to be taken into account \[[@cit0035]\].

In mummification, the skin has a brown to black leathery appearance, as observed in the first body totally suspended, while the internal organs continue to deteriorate, often reduced to a blackish-brown putty-like consistency. A natural mummification process usually needs 6--12 weeks but sometimes under ideal environmental conditions a body external surface can mummify in as little as 2--3 weeks \[[@cit0035],[@cit0040]\]. The onset of mummification in indoor cadavers can be even faster than those found outdoors as observed in a retrospective study in Arizona \[[@cit0040],[@cit0041]\]. A head-down position like the hang position can contribute to determine a rapid dehydration of the outer and upper surfaces of human remains and, therefore, the delay in decomposition of hanging bodies due to the onset of mummification. In hanging bodies, partially or totally suspended, as well as in bodies in a sitting position \[[@cit0042]\], the gravitational effect related to vertical body position causes the body fluids falling into the lower anatomical parts. Therefore, the fluid deprivation in the upper anatomical parts can accelerate the desiccation of soft tissues and the onset of mummification. Furthermore, in bodies totally suspended by hanging, the greater surface area exposure to wind and sun (such as the bare shoulder of the first body) can dry out quickly the skin and underlying soft tissues preventing further insect colonization.

Larval infestation for most of the blowflies is usually hindered by the rapid dehydration of the skin surface, facilitated in hanging bodies by the early putrefactive fluids falling on the drip zone. The effect of gravity can also explain the decrease of internal maggot mass as larvae easily fall from the hanging body to the drip zone below where they are unable to get back to the body if it is totally suspended like was observed in the first case. The absence of a well-established maggot mass can be also explained due to the predatory activity of birds, ants and beetles. Sometimes the presence of ants \[[@cit0043]\] and larder beetles \[[@cit0044]\] can be considered a significant factor affecting the decomposition pattern and insect colonization. Therefore, in the first case, several factors (i.e. the effect of gravity, the quick dehydration of unclothed upper tissues, the absence of a well-established maggot mass) contributed to maintain the body in the hanging position, representing a preservative decay process while the second case is quite representative of a destructive decay process. In this latter case, the body, fully clothed, was found pre-skeletonized on the surface of the ground with the skull disarticulated after 34 days from disappearance.

Human decomposition is a quite complex interaction between intrinsic and extrinsic factors \[[@cit0023]\] producing individual pattern of decomposition and insect colonization. According to Parks \[[@cit0045]\], a unique decomposition model cannot fit all potential cases of forensic interest due to irregular decomposition taking place in response to environmental conditions, particularly temperature, humidity, ventilation, etc. Anomalies of decomposition can easily occur because of ante-mortem injuries or postmortem scavenging of human remains due to insects or larger terrestrial and aquatic animal life such as wolfs, dogs, birds, fishes, crustaceans, mollusks, etc. \[[@cit0035]\].

In this regard, it can be assumed that in the second case, after oviposition in the natural openings or close to the hanging mark, Diptera larvae actively feeding on tissues started the break-down of the body and consumption of soft tissues, especially at neck level, and most likely caused the fall of the body on the drip zone. Therefore, it is possible that in the second fully clothed body, the collar gathered enough maggots to cause an accelerated consumption of the tissue of the neck, and the cadaver to finally fall down to the ground before mummification took place. Once on the ground surface, the decomposition rate would be faster because maggots that had dropped to the ground easier were able to regain access to the cadaver with no restricted access to beetles. On the ground, the subsequent waves of insects could sustain a fast decomposition rate based on actively feeding insect community.

Conclusion {#s0003}
==========

The two case studies presented in this paper shared the same manner of death (suicide by hanging) and the same PMI (34 days), but there were significant differences in the pattern of decomposition and insect colonization. The season (beginning of summer in the first case, end of summer/beginning of autumn in the second case), the geographical location of death (North West Italy in the first case, Tuscany in the second one) and the type of habitat (woodland in the first case, a forest in the second one) contribute to these differences. However, the main differences were the temperatures of exposure (respectively equating 731 and 853 ADD) and the position in which the bodies were found on the death scene (the first one totally suspended, the other on the lying on the ground).

A new scoring scale for hanging bodies has been proposed by Lynch-Aird et al. \[[@cit0003]\] in order to include more features related to mummification not fully provided by Megyesi\'s system \[[@cit0005]\]. And a more appropriate regression model to predict ADD from TBS of terrestrially deposited bodies has been also developed for casework and experimental studies \[[@cit0006]\]. Scoring scales have contributed significantly to provide a more objective picture of human decomposition, promoting the inclusion of statistics in a taphonomic discipline primarily descriptive \[[@cit0003],[@cit0005],[@cit0006],[@cit0046]\]. However, in spite of the efforts expended in establishing accurate PMI estimates by using scoring scales, the regression equations to predict ADD (mostly based on animal models) seem unable to offer reliable results in forensic practice dealing with human corpses. In addition, it seems, from the cases evaluated in this paper, that scoring scales are of little help in forensic practice because of the many factors affecting human decay and insect colonization \[[@cit0038],[@cit0039]\]. Therefore, more validation of these methods is necessary before they can be applied to courtroom proceedings especially for the inclusion of statistics in human models of decay. Integrating all the taphonomic variables into a single decomposition model or a single mathematical equation seems actually a "mission impossible" in forensic entomology \[[@cit0038],[@cit0047]\] and forensic pathology practice.
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